The temperature-dependent luminescence of Sm 2+ 
Introduction
The spectral hole burning (SHB) in rare-earth-doped materials have attracted considerable interest due to its potential for use in optical data storage in high-density memory devices. Sm 2+ -doped inorganic materials are quite attractive since spectral holes can show relatively high thermal stability [1 and 2] . The hole burning of Sm 2+ in single crystals of SrB 4 O 7 was recently reported [3] . This is a new system for spectral hole burning of Sm 2+ as most of the previous research was concentrated on the halides and borosilicates glasses, where a strong reducing atmosphere or high energy irradiation, for example -rays, is required for the reduction of Sm 3+ to Sm 2+ [4] . For crystalline and polycrystalline SrB 4 O 7 , the valence change from Sm 3+ to Sm 2+ can be easily achieved in air and the Sm 2+ ion shows highly efficient luminescence at room temperature [3, 5 and 6] . The ease of incorporation and stabilization of Sm 2+ in this material is because of its unique structure. In SrB 4 O 7 , all of the boron atoms are tetrahedrally coordinated forming a three-dimensional (B 4 O 7 ) network by corner-sharing. The network contains channels parallel to b-axis. The strontium ions fit into these channels and are surrounded by nine oxygen ions, giving SrO 9 polyhedral, with C s symmetry. The divalent rare earth ions are thus located in a "cage" formed by BO 4 units of the (B 4 O 7 ) framework. Such a framework is thought to be a rigid structure preventing the divalent rareearth ions from being oxidized [7 and 8] .
The crystalline alkaline earth borophosphates MBPO 5 (M=Ca 2+ , Sr 2+ , Ba 2+ ) were reported to be isostructural with stillwellite-LnBSiO 5 (Ln refers to lanthanide), built up by BO 4 and SiO 4 tetrahedra [9] . The SiO 4 tetrahedra form edge-sharing vertical columns parallel to the c-axis. Each BO 4 tetrahedron is connected with two SiO 4 tetrahedra and has two common edges with the lanthanide polyhedra of adjacent columns forming helical chains. Lanthanide ions are located in the center of this helix and coordinated with nine oxygens as LnO 9 polyhedral with C 2 symmetry [10, 11, 12 and 13] . This structure also suggests that the hosts MBPO 5 should be a good candidate for luminescence for rare-earth ions. The luminescent efficiency of Eu 2+ in this series of hosts was reported to be high at low temperature [14] . The phosphor SrBPO 5 :Eu 2+ shows intense luminescence under UV and Xray radiation and was considered to be a more favorable material as an X-ray storage phosphor than the currently used BaFBr:Eu 2+ . The Stokes shift is only about 2900 cm −1 [15] , indicating that the relaxation in the excited state is restricted by the host lattice [16] . It seems that these borophosphates are a new system for highly efficient luminescence. To the best of our knowledge, no studies of rare-earth ions other than Eu 2+ have been performed in MBPO 5 . In this paper, we report on the temperature-dependent luminescence of Sm 2+ ions in MBPO 5 .
Experiments
The samples of MBPO 5 ions. The mixture was first preheated at 600°C for 2 h, then ground and heated at 800°C for further 5 h. The structure was checked by a Bruker Model D8 Advance X-ray powder diffractometer with a SOL-X EDS detector using Co K radiation. All the samples appear to be single phase.
The excitation spectra were recorded with a Perkin-Elmer Luminescence Spectrometer Model LB-50B with an 8 W (equivalent 20 kW) pulsed Xenon lamp as an excitation source at room temperature. The lamp output power were corrected for the excitation measurements. The high-resolution emission spectra and decay time were recorded using Ar + ion laser excitation at 488 nm with a Spex-1702 0.75 m monochromator with a resolution of about 0.1 nm. The light was detected with an R430-02 cooled photomultiplier tube (PMT) and a Stanford SR400 gated photoncounter. The emission spectra were not corrected for the detector and grating response. For the decay time measurements, an IntraAction AFM-603 Acoustic Optical Modulator controlled by a Stanford Research DS345 Function Generator was used to chop the 488 nm line of the Ar + laser. The detected pulses were amplified by a Stanford Research SR445 Amplifier for two stages and recorded on a FastTech P7886 multichannel scaler. A self-made furnace and liquid nitrogen Dewar were used for high-and low-temperature measurements, respectively. The measurements were controlled by LabView software.
Results and discussion

Divalent Sm
2+ has the 4f 6 electron configuration, which under irradiation with UV and visible light can be excited into the 4f 5 5d 1 continuum. The excitation spectra at room temperature of Sm 2+ -doped MBPO 5 are shown in Fig. 1 . Sm 2+ ions in all three hosts show similar excitation features. The excitation spectra roughly consist of two broad bands with two maxima at around 350 and 450 nm, together with some sharp peaks between 250 and 500 nm. These broad bands arise from the 4f 6 →4f 5 5d 1 transitions of Sm 2+ ions. To assign these bands, we have to take into account the crystal field of splitting of 4f 5 and 5d 1 levels. In MBPO 5 , the cationic ions M 2+ are of nine coordinate as SrO 9 polyhedral on a C 2 site [10, 11, 12 and 13] . As an approximation, Sr 2+ is considered to locate in a cubic center, namely, eight of the nine coordinating oxygens are roughly on the corner of a cube and the ninth oxygen is on one of the tetragonal axes. In an eight-coordinated cubic center, the 5d level is split into a lower e g and a higher t 2g level by the crystal field. From the difference in the two maxima in the excitation spectrum shown in Fig. 1 , the crystal field splitting of 5d electron in these three hosts is ~6500 cm −1 , which is similar to that observed previously [17] . The excitation spectrum of Sm 3+ in CaBPO 5 as also shown in Fig. 1 for comparison, and the rather strong sharp peak at 400 nm is shown to correspond to the absorption band of the 5 H 5/2 → 4 K 11/2 transition in the Sm 3+ ions present in the sample. The presence of Sm 3+ ions in the CaBPO 5 host is also detected in the emission spectrum (see below). The emission spectrum of Sm 2+ in SrBPO 5 at 77 K is shown in Fig. 2b , the assignments and peak positions are also given in Table 1 Fig. 2 and Fig. 3 , it is observed that the position of the 5 D 0 level shifts towards higher energy in the sequence CaBPO 5 , SrBPO 5 and BaBPO 5 . This is due to the increasing cation-ligand distance, leading to a decrease of the covalency and nephelauxetic effect [18] . In addition to the strong emission lines presented in Fig. 2 transitions can be observed. These bands are ascribed to the vibronic transitions, resulting from the interactions between the electrons and the lattice during the transitions between these two levels. The energy displacement with zero-phonon line is at ~70 and 100 cm −1 in each side which is ascribed to a lattice phonon and its intensities increase with increasing temperature. This result is similar to that seen in the emission of other divalent rare-earth luminescence [19 and 20] . The vibronic transitions are not observed in CaBPO 5 . In these hosts, only single phonons were coupled with the transitions and sharp vibronic lines appear. In some hosts, the transitions are coupled with all the lattice vibrational mode of the hosts and this results in broader sidebands rather than lines [21] .
The very weak peak at around 624.6 nm as shown in the inset in Fig. 2c Fig. 2 shows that the 5 D 0 level is located at a relatively higher energy in BaBPO 5 than in the Ca 2+ and Sr 2+ hosts, it is expected that the 5 D 1 will also be located at a slightly higher energy in Ba 2+ borophosphate than in other two hosts. The excitation spectra in Fig. 1 shows that The temperature dependence on the luminescence of Sm 2+ in MBPO 5 has been measured from 77 to 450 K. The Sm 2+ ion in all hosts shows strong emission at liquid nitrogen and room temperature. The fluorescence intensity of Sm 2+ ion in CaBPO 5 was strongly temperature dependent, but much less pronounced for SrBPO 5 and BaBPO 5 . As the temperature increases, the emission intensity of Sm 2+ in CaBPO 5 decreases sharply and is completely quenched at around 350 K. In SrBPO 5 and BaBPO 5 , the emission of Sm 2+ also decreases with increasing temperature. At 373 K, the intensity decreases to 50% of that at room temperature. A similar thermal behavior was also observed in the fluorescence of Eu 2+ in MBPO 5 [14] . The authors reported that the MBPO 5 :Eu 2+ showed high efficiency at low temperature but the luminescence decreases when temperature increased, especially in CaBPO 5 , where the Eu 2+ was nearly quenched at room temperature. In all host lattices thermal quenching may result from non-radiation processes. From the excitation spectra shown in Fig.  1 , one can find that the lowest 4f 5 5d 1 level is situated at a relatively lower energy in CaBPO 5 than in SrBPO 5 and BaBPO 5 , which may result in a lower quenching temperature. The quenching temperature for Sm 2+ in SrBPO 5 and BaBPO 5 are not obtained at the temperatures investigated. At 450 K, the emission spectra of Sm 2+ in both samples consist of sharp lines and a broad band with a maximum at around 600 nm as shown in Fig. 4 . This broad band is assigned to the 4f 5 5d 1 → 7 F J transitions of Sm 2+ as reported in other borates [20] . For Sm 2+ in SrBPO 5 and BaBPO 5 , the 4f 5 5d 1 level is located at slightly higher energy than the 5 D 0 state. At low temperature, the excited electrons in 4f 5 5d 1 level will undergo a non-radiative relaxation to the 5 D 0 state and give rise to the f-f transitions, while at high temperature the electrons can be thermally pumped to 4f 5 5d 1 level and lead to a broad emission band. With further increasing temperature, the integrated intensities of all the transitions will be quenched. As for the quenching of the 5 D 1 → 7 F J transitions, the mechanism has been studied in [25] where the authors suggested a so-called "two-step" quenching process of 5 D 1 →5d→ 5 D 0 crossovers. The multi-phonon relaxation between 5 D 0 and 7 F J can be neglected at low temperature since the energy gap between these two levels (typically the energy gap between 5 D 0 and the highest-lying 7 F 6 level is about 10500 cm −1 ) is more than nine times larger than the highest lattice vibrations (the BO 4 stretching mode is around 1200 cm −1 ). As is known, a multiphonon relaxation with more than seven phonons is ineffective [26] . The study of the temperature dependence of the luminescence of Sm 2+ in these three hosts shows that the temperature variation of Sm 2+ fluorescence is strongly governed by the lowest lying 4f 5 5d 1 states. As a result, when describing the temperature dependence of Sm 2+ fluorescence in a series of similar lattices, the variation of the f-d energy gap must be taken into account.
In Fig. 3 . The relative integrated intensities, however, show much less variation as expected, but it is difficult to quantify as at higher temperature the intensity is redistributed into vibronic bands that tend to contribute to the broad underlying baseline.
The luminescence lifetimes of the Sm 2+ 5 D 0 → 7 F 0 transition in MBPO 5 were recorded as a function of temperature (Fig. 5) The radiative transition probability of the 5 D 0 -7 F 0 transition is an important parameter for SHB performed in this spectral line, and in general, the larger the transition probability, the higher the hole burning efficiency [27 and 28] . It was found that the transition probability of 
Conclusions
We have demonstrated that 2% samarium can be stabilized in the 2+ oxidation state in the MPO 5 
